Introduction
Knowing the nonlinear optical properties such as nonlinear refraction, nonlinear absorption and rotational viscosity in dye-doped nematic liquid crystals (NLCs) is crucially important for photonic applications like liquid crystal display (LCD). Versatile optical methods have been developed for measuring the nonlinear refraction and nonlinear absorption including third harmonic generation (deSouza et al., 1999) , degenerate four wave mixing (Liao et al., 1998) , optical Kerr gate (Gomes et al., 1996) , nonlinear interferometry (Yavrian et al., 1999) , ellipse rotation (Lefkiry et al., 1998) , phase distortion method (Watanabe et al., 1995) , among others. Although these techniques are sensitive, they require complicated experimental setup to measure the optical nonlinearities. The Z-scan technique (Sheik-Bahae et al., 1990) , is a simple and highly sensitive single beam method that uses the principle of spatial beam distortion to measure both the sign and the magnitude of the optical nonlinearity. Nowadays, the Z scan method has been most popularly used. To determine the rotational viscosity coefficient, various experimental methods have been extensively investigated which include: the light scattering measurement (Durand et al., 1995) , capillary flow measurement (Gähwiller, 1971) , rotating magnetic field technique (Prost & Gasparoux, 1971) , shear-waves reflectance technique (Kneppe et al., 1982; Martinoty & Candau, 1971) , nuclear magnetic resonance technique (Martins et al., 1986) , capacitance method (Leenhouts, 1985) and transient current method (Imai et al., 1995) . Among them most widely used techniques are capacitance method and transient current method. Capacitance method measures the time constant of an exponentially decaying director relaxation from a non-equilibrium to an equilibrium state in a twisted nematic cell upon switching on or off the applied voltage. Transient current method measures the peak amplitude of the transient current induced by a direct-current voltage pulse application. In this chapter, we propose simple and accurate optical methods for determining the nonlinear refractive coefficient, the nonlinear absorption and the rotational viscosity coefficient in dye-doped nematic liquid-crystal and also present the theories developed. This chapter is organized as follows. In section 2, the theoretical backgrounds are provided for closed-and open-aperture Z-scan transmittance, knife-edge X-scan and modified Z-scan by switching on or off the applied electric field, taking into account two photon absorption. In
Theory

Closed and open aperture Z-scan theory for complex optical nonlinearity
In this section, we present the optical method to determine the nonlinear refraction and nonlinear absorption by Z-scan technique. The nonlinear medium is scanned along the zaxis in the back focal region of an external lens, and the far-field on-axis (i.e., closed aperture) transmittance and the whole (i.e., open aperture) transmittance are monitored as a function of the scan distance z. The open aperture Z-scan transmittance is insensitive to the nonlinear refraction and solely determines the nonlinear absorption, whilst the closed aperture Z-scan transmittance is coupled with both of the nonlinear effects. Actually, both the nonlinear refraction and the nonlinear absorption are often present simultaneously in nonlinear optical materials. Nonlinear absorption is inevitably present for resonant absorption wavelength ranges as well as for transparent regions owing to multi-photon absorption when the laser beam intensity is sufficiently high or because of other nonlinear processes. For simplicity, we only concentrate on two-photon absorption (TPA). Consider the fundamental Gaussian electric field (TEM 00 mode) of travelling in the z direction as where E 0 is the amplitude of the electric field at the focus (i.e., z=0), is the beam radius at, is the beam at z, w 0 waist radius at focus, is the radius of curvature of the wave front at z, is the dimensionless propagation distance, is the Rayleigh diffraction length of the beam, k=2π/λ i s t h e w a v e n u m b e r a n d λ is the wavelength of laser beam. Here, q denotes the complex beam parameter that contains all the information needed to specify its characteristics in the beam propagation and is defined by . For a Kerr medium with TPA process the nonlinear refractive index and the nonlinear absorption coefficient can be written as (Sheik-Bahae et al., 1990; Kwak et al., 1999) (1a) (1b) where n 0 is the linear refractive index, n 2 is the nonlinear refractive coefficient, denotes the incident Gaussian laser beam intensity, and α 0 is the linear absorption coefficient and β is the two photon absorption coefficient. Solving the wave equation that describes the propagation of a Gaussian laser beam through the medium and neglecting the transverse effect, the intensity variation for two photon absorption and the nonlinear phase shift of the beam at the exit surface of the sample are given by, respectively, (Sheik-Bahae et al., 1990) (2a) where is the incident beam intensity, I 0 is the on-axis intensity at focus, is the nonlinear absorbance of the medium, is the effective length of the sample, and L is the sample thickness. By combining Eq.(2a) and Eq.(2b) we obtain the complex electric field at the exit surface of the sample:
According to the aberration-free approximation of a Gaussian beam, which requires the Gaussian beam profile be approximated as being parabolic, by expanding the exponential in the intensity and retaining only the quadratic term, the nonlinear phase shift, Eq. (2b) can be approximated as: (4) where . I t i s n o t e d t h a t E q . ( 4 ) i s a l w a y s v a l i d whether or not. By substituting Eq.(4) into Eq.(3) and employing the complex beam parameter formulation (Kwak et al., 1999) we have finally obtain the closed aperture Z-scan transmittance of the far-field at the aperture plane, including both of the effects of nonlinear absorption and nonlinear refraction as follows: (5) where is the on-axis nonlinear phase at focus and is the ratio of the imaginary part to the real part of the complex nonlinearity and is inversely proportional to the figure of merit (FOM), defined as (Lenz et al., 2000) . The nonlinear absorptive and refractive contributions to the closed aperture Z-scan transmittance are coupled in terms of η or FOM. When the aperture is removed, however, the Z-scan is irrelevant to beam distortion caused by nonlinear refraction and is only a function of the nonlinear absorption, as mentioned above. Hence, the nonlinear absorption coefficient can readily be determined from the open aperture Z-scan transmittance. By spatially integrating Eq.(2a) at z over all without having to include the free space propagation process, we have the CW open aperture Z-scan transmittance as: (6) www.intechopen.com 
Knife-edge X-scan theory for nonlinear absorption
In this section, we propose an alternative optical method for determining the nonlinear absorption coefficient, so-called knife-edge X-scan method. The knife-edge scanning technique is a simple single beam method for measuring a laser beam profile such as the beam radius and the radius of curvature of the wave front (Suzaki & Tachibana, 1975) . Due to its high accuracy, simple apparatus and easy to data analysis, the knife-edge scanning method has been widely used. As the knife-edge along the x-axis moves across the beam propagation direction, the beam power at the far-field gradually decreases and eventually goes to zero. For a Gaussian beam distribution, the (measured) beam power is given by integrating the Gaussian function from negative infinity to present knife-edge position and becomes the error function. Figure 1 represents schematic diagram for the knife-edge X-scan method proposed in this work to determine the nonlinear absorption coefficient. The knife edge is positioned in front of a nonlinear optical medium placed at the focus (i.e., z=0) and is transversely scanned to the beam propagation axis from negative infinity to present knife-edge position. In case of two photon absorption process, the variation of beam power for a fundamental Gaussian laser beam passing through the medium can be written as (7) where is the output beam intensity at the exit surface of the sample and is given by Eq.(2a). For a small nonlinear absorbance (i.e., which is valid for our moderate experimental conditions, substituting Eq. (2a) into Eq.(7) with binomial expansion for and integrating yields the transmitted power for knife-edge X-scan as 
where is the on-axis power at focus, and erf(•) is the error function. As is evident from Eq.(8), the first term (i.e., m=0 ) is exactly equivalent to the formula for conventional knife-edge scanning without nonlinear sample. The derivative of the transmitted power with respect to x' corresponds to a variation of incident Gaussian beam power (i.e., nonlinear Gaussian beam profile) caused by nonlinear absorption and is given by
Figure 2 represents theoretical curves for normalized transmitted power and its derivative relative to knife-edge position x' for various nonlinear absorbance q 0 =-0.5 and +0.5. Note that the first term (i.e., m=0) in Eq.(9) reveals one dimensional Gaussian beam power without nonlinear material (i.e., q 0 =0) for knife-edge X-scan. For negative nonlinear absorption (i.e., q 0 <0 or amplification), the beam radius or full width at half maximum (FWHM) decreases when compared with q 0 =0, while for positive nonlinear absorption (i.e., q 0 >0 or real absorption), the beam radius is much broaden than that of q 0 =0. 
Orientational nonlinear refraction kinetics in nematic liquid crystals for rotational viscosity: Modified closed-aperture Z-scan
In this section, we will derive the kinetics of orientational refractive index change via director axis torque of nematic liquid crystals (NLCs), which is caused by a Gaussian optical field with/without an applied electric field. We also present a simple and accurate method to measure the rotational viscosity, the response time and the orientational nonlinear refraction in NLCs by modifying the closed Z-scan. Figure 3 shows the experimental setup. The optical method proposed in this work has basically the same experimental geometry used in closed aperture Z-scan. The sole distinction is that the NLC sample is placed at focus (i.e., z=0) of an external lens and is fixed at that place during the experiments, unlike Z-scan technique. Fig. 3 . Schematic diagram of the experimental setup for measuring rotational viscosity of nematic liquid crystal. A rectangular electric field with a pulse duration time t 0 is applied to the sample.
Before supplying an external electric field by a function generator, a focused optical beam is continuously illuminated to the sample, producing the optical field-induced director axis reorientation (Khoo, 1995) , which gives rise to the orientational Kerr effect (OKE) and is given by , where n 2,OKE is the nonlinear refractive coefficient for OKE, I 0 is the on-axis intensity at focus and w 0 is the beam waist. The on-axis optical intensity of the far-field beam at the aperture plane is measured as a function of time.
In this experimental situation, we adopt the closed aperture Z-scan formula, Eq.(5), just by taking z=0, which is given by
Where . When a rectangular electric field with a pulse duration time t 0 is applied to the sample, the field-induced director axis reorientation will be transient from a non-equilibrium state to an equilibrium state of OKE. In NLCs the field induced reorientation of the director axis is described by a torque balance equation (Khoo, 1995) . We define an angle θ(r,t) as a (small) variation of the director axis orientation angle from stationary director axis angle induced by constant optical field, being spatially and temporally varying. Using the small reorientation angle approximation (i.e., │θ│<< 1) with the one elastic constant K, the torque balance equation is given by (Khoo, 1995; Kim et al., 2004; Kim et al., 2008) ( 11) where γ 1 is the rotational viscosity coefficient, is the magnitude of the director axis torque, which is induced by the applied electric field and the optical In order to avoid the complexity for solving the equation, we assume that the NLC sample is placed at focus, so the Gaussian optical field can be considered as spatially uniform plane wave. The applied electric field is also spatially uniform and the variation of reorientation angle is so small that being considered as negligibly small for the secondorder spatial derivatives, but temporally varying. Furthermore, when , we take the direction of is directed toward the direction of , whereas for the case of when the direction of is directed away from the direction of . With this in mind, Eq.(11) can then be simplified as (12a) (12b) where is a response time of NLCs, which is linearly proportional to the rotational viscosity coefficient and is inversely proportional to the optical beam intensity. Consider a rectangular electric pulse with a pulse width t 0 and an amplitude of is suddenly applied to the sample at time t=0 (i.e., otherwise while an optical field is continuously illuminated the sample from . For the case of b>1 (i.e., ), Eqs. (12) 
Since the orientational refractive index is proportional to (Khoo, 1995) , defining the transient orientational nonlinear refractive index as where is a proportional constant, mainly depending on the dielectric anisotropy, then the total orientational nonlinear refraction consists of the transient contribution, owing to the transient electric field and the stationary contribution, due to the constant optical field. Therefore, the total nonlinear phase shift , experienced by the optical beam in travelling the NLC sample is given by , where . Figure 4 represents the theoretical predictions of the transient optical transmittance of Eq.(10) and the reorientation angle of the director axis of Eqs. (14) in NLC sample. In this simulation, we use the following parameters:
, respectively. thick beads as a spacer. Two glass substrates were assembled by UV bond and then filled inside of cells with porphyrin:Zn-doped nematic liquid crystal for various concentrations of dye (0, 0.006, 0.13, 0.50wt%) . The liquid crystal used was the eutectic liquid crystal mixture, commercially known as E7 (Merck Ltd.), which has a positive dielectric anisotropy Δε=13.8, the elastic constants at room temperature and wavelength λ=589nm. Zn-doped porphyrin dye [5, 10, 15, ] was supplied by Busan National University. We made no surface treatments to NLC sample, so the director axis orientations are random before they are subject to any optical field or applied electric field. The transmission spectrum for pure E7 NLC cell reveals nearly transparent of about 90 % in visible wavelength range, as shown in Fig. 5 . As increasing the concentrations of dye the transmisstion spectrum is gradually decreased. It is also shown from Fig. 5 that Zn-doped porphyrin dye is photosensitive to blue-green wavelength region. The linear absorption coefficients for various dye concentrations at wavelength 632.8nm were estimated by using the Beer-Lambert law , neglecting the Fresnel reflection at surfaces of the sample as follows:
, , , and .
Determinations of nonlinear absorption coefficient by using knife-edge X-scan and open-aperture Z-scan
In this section, we determine the nonlinear absorption coefficients for various dye concentrations in NLC sample by means of knife-edge X-scan method and open-aperture Zscan method and compare the experimental results quantitatively. Figure 1 represents the schematic diagram for the knife-edge X-scan method. The cw He-Ne laser of wavelength =632.8nm is used for experiments and the laser beam power is 3mW. The focal length of biconvex lens is 20cm. The whole transmitted power is measured by a photo detector during the knife-edge scan. Before conducting the knife-edge X-scan experiment, we have to determine the incident Gaussian laser beam profiles such as beam radius w(z), beam waist w 0 and radius of curvature of the wave front R(z) at z. To determine the nonlinear absorption coefficient of the sample we performed two kinds of experiments; one is the knife-edge X-scan in which the sample is placed at rear face of the knife-edge, as shown in Fig. 1 , and the other is the conventional open-aperture Z-scan. Since the closed-aperture Z-scan transmittance is entangled with the nonlinear refraction and the nonlinear absorption, as described in Eq.(5), one should determine the nonlinear absorption coefficient before finding the nonlinear refractive coefficient. Once the nonlinear absorption coefficient β is extracted from the open aperture Z-scan or the knife-edge X-scan, one can extracts the remaining unknown nonlinear refractive coefficient n 2 from the closed aperture Z-scan transmittance. Figure 7 represents the typical experimental results of the knife-edge X-scan and the open aperture Z-scan for various dye concentrations with the theoretical predictions. 
Determinations of rotational viscosity by modified closed-aperture Z-scan
Following the method described in subsection 2.3, we conducted the transient optical transmittance experiments by applying the rectangular electric field with the pulse duration time of and the amplitude of . The NLC sample is placed at focus (i.e., z=0) of an external lens and is fixed at that place during the experiments. The optical field is at focus . Before applying the rectangular pulse field, the focused optical beam which is continuously illuminated produces a bias nonlinear refraction, which is called the optical-field induced orientational Fig. 9 . The experimental data of normalized transient optical transmittance and normalized reorientation angle against time for various dye concentrations with theoretical curves.
Kerr effect
. Figure 9 represents the transient optical transmittances and the corresponding reorientation angles for various dye concentrations after the electric field is switched off. It should be noted that the steady state value of the reorientation angles do not go to zero, strongly implying the existence of the bias OKE caused by constant optical field, as theoretically predicted. Table 2 compares the rotational viscosity coefficient and nonlinear refractive index coefficient for various dye concentrations, determined by the transient optical transmittance (or modified Z-scan) method with the closed aperture Z-scan method. Nonlinear refractive index coefficient, which is determined by two methods are in good agreement with each other. It reveals that the physical mechanism of the Kerr effect in NLC is caused by the optical field-induced director axis reorientation. It is also noted that the measured value of the rotational viscosity coefficient of 0.23Pa⋅s for pure E7 is almost the same value of 0.224Pa⋅s at 25°C by means of transient current method (Chen & Lee, 2007) . 
Conclusion
In this chapter, we propose simple and accurate optical methods to determine the nonlinear refraction, the nonlinear absorption and the rotational viscosity coefficient in dye-doped nematic liquid crystals, and also develop the corresponding theories. The versatile optical methods presented are as follows: (i) closed aperture Z-scan for measuring both the sign and the magnitude of the optical nonlinear refraction, taking into accounting two photon absorption, (ii) open aperture Z-scan and knife-edge X-scan for measuring the nonlinear absorption coefficient unambiguously, and (iii) modified closed aperture Z-scan (or transient optical transmittance) method by applying a rectangular electric field to measure the orientational Kerr effect (OKE) and the rotational viscosity coefficient. The measured values of optical nonlinearities and the rotational viscosity by an optical method are crosschecked by another method, showing excellent agreement with each other.
